ABSTRACT Concurrent stimulation of the parasympathetic and sympathetic branches of the autonomic nervous system causes a diminished sympathetic response at high levels of vagal activity. This "accentuated antagonism" has been demonstrated for cardiac chronotropic, inotropic, and dromotropic responses. The effect on conduction was demonstrated with tonic stimulation of the vagus nerve.
vagal stimulation and results in the suppression of cardiac responses to sympathetic stimulation. One might expect a similar interaction in the modulation of atrioventricular conduction. In two studies no interaction between the vagus and sympathetic nerves in the control of atrioventricular conduction has been found, ' 9 while in a third study'0 acetylcholine modulated adrenergic effects on the atrioventricular node. Although it has been shown that vagal activity normally arrives at the heart in discrete bursts every cardiac cycle,"'-" these studies8-" used continuous vagal stimulation. We examined the influence of bursts of vagal stimulation on conduction delays through the atrioventricular node when the heart was subjected to various levels of sympathetic activity. The purpose of our experiments was to determine whether a sympathetic-parasympathetic interaction was apparent under these conditions that more closely mimic normal vagal activity. Conduction through the atrioventricular node varies depending on whether the action potential travels in an antegrade (from atrium through atrioventricular node) or retro-grade (from ventricle through atrioventricular node) direction.'4' 15 Heart rate itself affects atrioventricular conduction times. For example, an increase in heart rate increases atrioventricular nodal conduction. '6 Thus, to thoroughly examine any sympathetic-parasympathetic interaction with respect to atrioventricular conduction, it is necessary to pace the heart at various intervals and to examine conduction in both the antegrade and retrograde direction. We used a multifactorial experimental design to examine the relationships of pacing intervals, direction of action potential propagation, sympathetic stimulation, and periodic vagal activation to atrioventricular conduction.
Methods
In eight anesthetized (30 mg/kg iv sodium pentobarbital), mongrel dogs, a tracheal cannula was inserted and intermittent positive-pressure ventilation was started. 
Results
The levels of sympathetic and periodic vagal stimulation were not significantly different for the antegrade and retrograde conduction modes (table 1) . However, to avoid atrioventricular heart block, the average retrograde pacing intervals were approximately 160 to 200 msec longer than antegrade pacing intervals (table 1) .
Atrioventricular conduction times are dependent on the time of application of the vagal stimulus. Atrioventricular conduction times can be plotted as a function of the time of vagal stimulation during each cardiac cycle, and the result is a phasic dromotropic curve (figure 1). Several points on the phasic dromotropic curve were chosen to analyze the effects of the experi- mental perturbations: the minimal conduction time, the maximal conduction time, and the amplitude of the change in conduction time due to placement of vagal stimulation. The minimal conduction times during periodic vagal stimulation (figure 1) occurred when the burst was placed at the beginning or end of the cardiac cycle. The maximal conduction times during vagal stimulation (figure 1) occurred in the latter portion of the cardiac cycle. In addition, the conduction time when the vagal burst was applied halfway between the minimal and maximal conduction times was plotted to show the change in atrioventricular conduction with changes in placement of the vagal burst. The overall shape of these phasic dromotropic curves was qualitatively similar for both antegrade (figure 2, left) and retrograde (figure 2, right) conduction modes. The maximal conduction time always occurred approximately 200 msec before the end of the cardiac cycle, regardless of the pacing interval, conduction mode, or levels of sympathetic stimulation.
Despite similar levels of autonomic stimulation and longer pacing intervals, the maximal conduction time through the atrioventricular node in a retrograde direction was significantly longer than maximal conduction through the node in an antegrade direction (p < .01; .001; table 2 ). Thus, when the heart rate was fast (short pacing intervals), atrioventricular nodal conduction slowed and occupied a greater portion of the total cardiac cycle. The amplitude of the phasic dromotropic response curve was defined as the difference between the maximal and the minimal conduction times at a given level of autonomic stimulation (B-A in figure 1 ). Increased pulses/burst of vagal stimulation significantly increased the amplitude during both antegrade (figure 3, top) and retrograde (figure 3, bottom) conduction. Changing the direction of conduction did not affect the amplitude (table 2 and figure 3) . However, shortening the pacing interval increased the amplitude (p < .001; We computed the mean of the phasic conduction curve (figure 1) averaged over the range of A-St or V-St intervals. This value, overall phasic response, gives an estimation of cardiac conduction time over the stimulation range. The amplitude of the phasic dromotropic responses was also analyzed by its expression as a ratio to the overall phasic response (table 2) . When examined as a ratio, neither the changes due to direction of conduction nor due to sympathetic stimulation alone were significant (table 2), indicating that the changes in amplitude were in proportion to the overall changes in conduction times. In contrast, both increases in vagal stimulation and decreases in pacing interval increased this ratio (p < .01; table 2), and the effect of vagal stimulation was greater as the pacing interval was shortened (p < .05; table 2). Sympathetic stimulation reduced the phasic effect of vagal stimulation on this ratio (p < .05; table 2).
Discussion
We have verified that all of the factors investigated, i.e., levels of vagal and stellate stimulation, pacing intervals, and direction of propagation through the atrioventricular node, affect conduction time in the heart.7 9. 1-16 19-21 Increased sympathetic stimulation and cardiac cycle length decrease atrioventricular conduction times while increased levels of vagal stimulation and decreased cardiac cycle length increase atrioventricular conduction times. However, we extended these observations by quantitating the effects of interaction(s) of these factors on changes in atrioventricular conduction when the vagus was activated by brief bursts of electrical stimulation that were placed in various parts of the cardiac cycle. In the present study, there was no significant interaction between the sympathetic and parasympathetic branches of the nervous system that resulted in changes in atrioventricular conduction. This is in agreement with other studies8' 9 in which continuous vagal stimulation was used, but disagrees with a third study'`in which enhanced stimulation levels were used. Our study differs from that of Takahasi and Zipes,`i n which an accentuated sympa- Vagal stimulation inhibits the release of norepinephrinne 7' 21 and attenuates the effects of catecholamines on the heart.26 Both presynaptic and postsynaptic mechanisms are involved. This negative interaction reduces chronotropic responsiveness to sympathetic stimulation during concurrent vagal stimulation (accentuated antagonism'). In contrast, the sympathetic-parasympathetic interaction in the present study was only apparent when the amplitude of the phasic dromotropic response was analyzed. Not only was the maximal conduction time (point B) reduced to a greater extent than the minimal conduction time (point A), but the ratio of the amplitude to the overall phasic dromotropic response was reduced by sympathetic stimulation (table 2).
Under certain conditions, appropriately timed vagal input may enhance the positive chronotropic response of sympathetic stimulation.27 This enhancement is apparent when the time delay for the vagal burst remains constant despite changes in cardiac cycle length during concurrent sympathetic stimulation. In our studies, heart rate was constant and the maximal atrioventricular conduction time occurred in the same portion of the cardiac cycle. Thus, a shift in temporal relationship between delivery of the vagal stimulus and cardiac cycle length would not account for our results. One explanation for the reduction in amplitude that we saw is that acetylcholine reduces the slow inward current necessary for conduction in the central portion of the node.28 Because of the rapid degradation of acetylcholine, its negative dromotropic effect is maximal (point B) if the neurotransmitter arrives at the atrioventricular nodal tissue concurrently with or just before the wave of propagation. In contrast, norepinephrine increases the slow inward current in the atrioventricular nodal tissue.29 As suggested by previous studies,' 9 there are no marked inhibitory actions of acetylcholine on the release and actions of norepinephrine. We have found that the direct actions of norepinephrine are more effective in reducing the conduction delay induced by acetylcholine at point B than point A. Thus, autonomic neurotransmitters differentially affect cardiac conduction times depending on time of application of the stimulus. Whether this is a new autonomic interaction in the modulation of atrioventricular conduction or is different from those seen in other cardiac functions" 5-7. 25. 26 awaits biochemical verification.
Normally the vagally induced decrease in heart rate enhances atrioventricular conduction whereas the direct effects of neurally released acetylcholine attenuate atrioventricular conduction, resulting in little change in atrioventricular conduction time. '6. 22 
